Historical adaptation of sorghum production to arid and semiarid conditions has provided promise regarding its sustained productivity under future warming scenarios. Using Kansas field-trial sorghum data collected from 1985 to 2014 and spanning 408 hybrid cultivars, we show that sorghum productivity under increasing warming scenarios breaks down. Through extensive regression modeling, we identify a temperature threshold of 33°C, beyond which yields start to decline. We show that this decline is robust across both field-trial and on-farm data. Moderate and higher warming scenarios of 2°C and 4°C resulted in roughly 17% and 44% yield reductions, respectively. The average reduction across warming scenarios from 1 to 5°C is 10% per degree Celsius. Breeding efforts over the last few decades have developed high-yielding cultivars with considerable variability in heat resilience, but even the most tolerant cultivars did not offer much resilience to warming temperatures. This outcome points to two concerns regarding adaption to global warming, the first being that adaptation will not be as simple as producers' switching among currently available cultivars and the second being that there is currently narrow genetic diversity for heat resilience in US breeding programs. Using observed flowering dates and disaggregating heat-stress impacts, both pre-and postflowering stages were identified to be equally important for overall yields. These findings suggest the adaptation potential for sorghum under climate change would be greatly facilitated by introducing wider genetic diversity for heat resilience into ongoing breeding programs, and that there should be additional efforts to improve resilience during the preflowering phase.
Historical adaptation of sorghum production to arid and semiarid conditions has provided promise regarding its sustained productivity under future warming scenarios. Using Kansas field-trial sorghum data collected from 1985 to 2014 and spanning 408 hybrid cultivars, we show that sorghum productivity under increasing warming scenarios breaks down. Through extensive regression modeling, we identify a temperature threshold of 33°C, beyond which yields start to decline. We show that this decline is robust across both field-trial and on-farm data. Moderate and higher warming scenarios of 2°C and 4°C resulted in roughly 17% and 44% yield reductions, respectively. The average reduction across warming scenarios from 1 to 5°C is 10% per degree Celsius. Breeding efforts over the last few decades have developed high-yielding cultivars with considerable variability in heat resilience, but even the most tolerant cultivars did not offer much resilience to warming temperatures. This outcome points to two concerns regarding adaption to global warming, the first being that adaptation will not be as simple as producers' switching among currently available cultivars and the second being that there is currently narrow genetic diversity for heat resilience in US breeding programs. Using observed flowering dates and disaggregating heat-stress impacts, both pre-and postflowering stages were identified to be equally important for overall yields. These findings suggest the adaptation potential for sorghum under climate change would be greatly facilitated by introducing wider genetic diversity for heat resilience into ongoing breeding programs, and that there should be additional efforts to improve resilience during the preflowering phase.
agriculture | climate change | crop | sorghum | warming S orghum (Sorghum bicolor) is predominantly grown in the arid and semiarid regions of the world, where heat stress is known to induce significant yield losses (1) (2) (3) (4) . Globally, sorghum is positioned as the fifth most economically important cereal and plays a critical role in providing food, fodder, and fuel (5, 6) . Sorghum is considered to be relatively more hardy under extreme heat and drought conditions compared with other major crops and thus has received much attention as a potential adaptation strategy for farmers. In this context, farmer "adaptation" is a general term that involves many scenarios including the switching from one crop to another, switching among existing cultivars of a crop, and/or adopting a new production technology that might include newly developed cultivars that are not currently available.
The changing climate is pushing sorghum to endure harsher environments and it is unclear whether current production levels are sustainable. Although sorghum may be relatively more resilient to extreme conditions compared with other major row crops, it does not necessarily follow that sorghum is resilient in an absolute sense. One reason for this is that sorghum seed germination requires warmer soil temperatures compared with many other crops such as soybeans and maize, and thus is often sown in warmer seasons and exposed to relatively harsher growing conditions. Although future breeding efforts may allow other crops to "catch up" to sorghum by exploiting genetic variation in heat resilience within those species (7), it is unclear whether there exists potential for sorghum to become more resilient than it already is. Hence, the major focus of our investigation is to consider (i) whether there exists substantial variation in heat resilience among existing cultivars and (ii) if there are particular phases of sorghum plant growth that should be targeted for future genetic improvement. This study considers these questions using a long time series and cross-section of sorghum variety field-trial data produced under nonirrigated conditions.
Both controlled-environment studies (8) (9) (10) (11) and more recent studies using custom-designed field-based structures (12, 13) have documented the susceptibility of sorghum to heat stress during the critical flowering and grain-filling stages. Hence, most empirical studies and current breeding efforts have been aimed toward reducing yield losses with stress coinciding with the sensitive flowering and grain-filling stages. Currently available sorghum cultivars require soil temperatures above 21°C, while corn and soybeans can germinate at much lower soil temperatures of 13°C and 10°C, respectively (14) (15) (16) . This effectively ensures that sorghum is exposed to higher temperatures during much of its growth cycle, not just the flowering and grain-filling phases. Of particular interest are phases just before flowering as heat exposures in this period have recently been found to be as stressful as those during latter stages (17) . The physiological processes that could be impacted during this phase include Significance Sorghum's ability to withstand harsh environmental conditions has placed it in the forefront of discussions regarding potential adaptation paths under climate change. While sorghum may indeed be a good candidate to substitute for other major row crops as warming materializes in areas where it has not traditionally been grown, an equally important consideration is whether its production can be sustained in the warmer areas where it has traditionally been grown. Our findings suggest limited potential for climate change adaption using currently available cultivars but do not preclude the overall role of genetic innovation and enhanced decision making in adapting to climate change. Successful adaptation could perhaps best be facilitated by expanding the scope of genetic stock within sorghum breeding programs.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1706383114/-/DCSupplemental. panicle initiation, reproductive organ development (gametogenesis), and preflowering photosynthetic efficiency (18) . Thus, ongoing research efforts focused on stress impacts at or after flowering alone are potentially short-sighted in that opportunities to further minimize stress damage may be overlooked by not considering improvement of heat-stress resilience during alternative crop growth stages.
Sorghum and millets are often projected to be capable of sustaining productivity under harsher weather conditions accompanying climate change, based on their historical ability to produce in arid and semiarid regions. However, recent research using observational data has documented aggregate productivity reductions of 17% for both crops in sub-Saharan Africa during 2046-2065 relative to 1961-2000, compared with a 22% reduction for maize (2) . Although irrigation or timely availability of rainfall are capable of reducing heat-stress impacts, neither of these options is a regular feature in the arid regions where sorghum is a dominant crop. Furthermore, a comprehensive crop modeling exercise using data on sorghum and millets obtained from 35 stations across sub-Saharan West Africa (Senegal, Mali, Burkina Faso, and Niger) indicated that negative impacts associated with a 2°C temperature increase were not compensated by additional precipitation (19) . Thus, even though sorghum might have some advantages relative to other crops for resisting extreme heat exposure, warming temperatures are still associated with large yield reductions in major growing regions, thereby suggesting an important need to investigate the potential for enhanced heat resilience. These possibilities are best analyzed using data containing observable variations among a large sample of cultivars, which typically is not possible when using aggregate regional yield data, controlled experimentation in growth chambers, or crop simulation models.
Our empirical approach is based on a statistical model that is estimated using nearly 9,000 field-level observations from 408 cultivars grown across 11 Kansas locations spanning 30 y (1985-2014). Our primary findings suggest that there are indeed significant heat-stress impacts occurring during the preflowering phase, and they are similar in size to the impacts that occur after flowering. This has important implications for climate change adaptation as it suggests that plant scientists can complement existing efforts to reduce heat susceptibility by focusing on the earlier plant growth phases that have not been previously emphasized. Other findings from our analysis include (i) identifying a temperature threshold of 33°C beyond which yield starts to decline under field conditions spanning diverse environmental conditions and cultivars, (ii) evidence that breeding efforts have not improved heat-stress resilience within the past 30 y, and (iii) that there is little scope for producer adaptation to climate change via optimal selection among existing cultivars as we document that warming effects are quantitatively similar across the least and most resistant ones.
Results
The raw data include observed dryland sorghum yields matched by location with daily minimum/maximum temperatures and total precipitation. We only include cultivars that have appeared in at least three trial years, which results in 408 observed cultivars in the sample (SI Appendix, Table S1 ). The average number of trial years that each cultivar appears in is 5.5 y, and as one would expect newer cultivars have appeared in fewer years (SI Appendix, Fig. S1 ). Cultivars very often appear in multiple trial locations within each year as the average number of observations per cultivar is 21.8. The yield and weather data vary substantially insample (SI Appendix, Figs. S2 and S3 and Table S2 ). The growing season in each location-year is defined by the observed sowing and harvest dates, which vary across the 11 locations and 30 y of data (SI Appendix, Table S2 ). For some models we split the growing season into three phases: the first 35 d after sowing (early vegetative phase), 35 d after sowing to flowering (preflowering phase), and after flowering to the end of the growing season (postflowering phase). We define the end of the growing season to be 30 d after flowering. Importantly, flowering dates are observed and defined as the day at which 50% flowering occurs.
Degree days (hereafter DDs) are calculated using a sinusoidal interpolation of temperature exposure within each day. The DD variables are used to specify a piecewise linear temperature effect which allows us to quantify the nonlinear effects of extreme heat exposure (20) . There exists substantial variation in these variables across both locations and years, and it is common for plants to be exposed to extreme heat above 30, 35, and 40°C (SI Appendix, Fig. S4 ). It is not clear from the literature what the appropriate DD thresholds for sorghum are, as these can potentially vary by the method used for measuring temperature exposure. We follow the piecewise linear approach of ref. 20 and allow for two separate DD thresholds. Under this approach the upper and lower thresholds are used to construct three measures of temperature exposure: DDs between 0°C and the lower threshold, DDs between the lower and upper thresholds, and DDs above the upper threshold. The optimal thresholds for our preferred model were estimated to be 10 and 33°C (SI Appendix, Table S3 ). Hereafter extreme heat refers to temperatures above 33°C. We find evidence of considerable uncertainty around this upper threshold as a block bootstrapping routine generates a 95% confidence interval of [28.04, 37 .06]. As discussed below, the estimated warming impacts using 33°C to define extreme heat are robust to alternative definitions based on the range of values within this confidence interval. We also considered whether the model should include a time-varying extreme heat effect to capture changes in heat resilience over the sample period, but we found that this extension was not warranted as the effect of an interaction between a linear (or quadratic) time trend and extreme heat was not statistically significant (P values of 0.55 and 0.52, respectively). The parameter estimates for the preferred regression model are reported in column 1 of SI Appendix, Table S4 . This model regresses log sorghum yield on a cubic polynomial for precipitation and three DD variables for the piecewise linear temperature effect, in addition to location and cultivar dummy variables to account for fixed effects and a quadratic time trend to account for changes in management practices over time. We find that an additional DD above 33°C is associated with a 1.3% yield reduction (SI Appendix, Table S4 ). This extreme heat threshold is above ones identified for corn (29°C) and soybeans (30°C) but similar to ones identified for cotton (32°C), rice (33°C), and wheat (34°C) (20) (21) (22) .
Sorghum Does Not Exhibit Strong Sensitivity to Low Rainfall. Yields for most crops have an inverted U-shape relationship with cumulative precipitation, indicating that both low-and highprecipitation years are associated with yield reductions. We find that sorghum exhibits a similar sensitivity to high precipitation; however, it tolerates low precipitation remarkably well (SI Appendix, Fig. S5 ). Low precipitation is likely, but not necessarily, linked to water-deficit conditions in the soil; however, we do not have soil moisture data available to confirm this. The precipitation variables are jointly statistically significant, as are the temperature variables and the location and cultivar fixed effects (SI Appendix, Table S5 ).
Increased Exposure to Extreme Heat Above 33°C Leads to Large Yield
Reductions Under Warming Temperatures. Fig. 1 shows that there are both beneficial and detrimental temperature exposures, those between 10-33°C and those above 33°C, respectively. To evaluate which effect dominates, we predict yield impacts across a range of uniform temperature changes from +1 and +5°C. All scenarios suggest that warming is associated with net yield reductions and is statistically significant. The effects are highly nonlinear across warming scenarios, from a 7% reduction under 1°C warming to a 57% reduction under 5°C. The average effect is a 10% per degree Celsius across the five warming scenarios. The warming impact estimates are robust to alternative thresholds for defining extreme heat (SI Appendix, Fig. S6 ).
Recent research has suggested that one of the main channels by which warming temperatures can affect sorghum yields is through its influence on water-stress/drought conditions (23) . This would suggest that our inability to control for soil moisture could be biasing the estimated effect of temperature on yield. While we cannot address this concern directly, we can include interactions between low-and high-precipitation events with our measure of extreme heat to see if the estimated effect varies. For example, if we focus on high precipitation years-when soil moisture is not likely to be a concern-and find that the estimated coefficient on extreme heat is very different from the one under our preferred model, then this would suggest biased heat estimates. A similar argument could be made using low precipitation years. To investigate this, we allow the effect of temperatures above 33°C to vary by interacting it with dummy variables for precipitation outcomes below the 25th percentile and above the 75th percentile of the rainfall distribution for these data. The estimates suggest a slightly higher (lower) heat effect in the low-(high-) precipitation regimes; however, neither estimate is statistically significantly different from the estimate for the middle 50% of the rainfall outcomes. In addition, the implied warming estimates for the low-and high-precipitation regimes are very similar to the ones for our preferred model (SI Appendix, Fig. S7 ).
The Warming Effects Estimated from Field-Trial Yield Data Are Consistent with Effects Estimated from County-Level Aggregate Yield Data. As discussed in ref. 22 , the management practices for the Kansas field trials vary by location and year and are considered "best management practices" as they are designed to eliminate all yield-reducing factors such as nutrient deficiencies or toxicities, damage from insect pests and disease, and competition from weeds. These optimal growing practices potentially differ from the production practices of actual farmers, who base management decisions on profitability. To investigate the external validity of our results, we reestimate the preferred model (SI Appendix, Table S4 , column 1) using county-level dryland yield data for sorghum from the National Agricultural Statistics Service (NASS). The 11 trial locations form a small but representative sample of all Kansas sorghum-producing counties (SI Appendix, Table S6 ). County-level farm yields are lower than field-trial yields on average, which is consistent with the existence of a yield gap between field-trial and on-farm production (24, 25) . We match the NASS yield observations with the weather from the field-trial location in that county. The location and cultivar fixed effects from the preferred model are replaced with county fixed effects. We find that the temperature coefficient estimates and associated warming effects remain largely unchanged relative to our preferred model (Fig. 1) . This provides evidence of external validity for the results based on field trial data reported here. (26) where the fixed portion of the model takes the same form as our preferred model (SI Appendix, Table S4 , column 1), but we allow the effect of DDs above 33°C to vary across cultivars. Importantly, we have sufficient coverage in the data to do this as every cultivar was exposed to temperatures in excess of 33°C in the data. If this was not the case, one might consider grouping the cultivars by genetic similarity (7) . We compare these cultivarspecific resilience estimates to both mean yields, defined as the predicted yield under average weather conditions, and the year in which the cultivar first appeared in the trials (first trialyear). We find evidence of a positive relationship between heat resilience and mean yields (pairwise correlation of 0.55), indicating that cultivars with higher heat resilience also had higher mean yields (Fig. 2) . Importantly, mean yields are defined here as yield potential-predicted yields under average/normal weather conditions-so high mean yields need not be associated with increased heat-stress resilience. This suggests that breeders have done an effective job of developing germplasm that enhance yield and simultaneously reduce risk. We also find that newer cultivars have mean yields that are higher than older ones as the pairwise correlation of mean yields and first trial-year is 0.23. Perhaps as a bit of a paradox we find no detectable association between heat resilience and the year that the developed cultivars entered testing (pairwise correlation of −0.06).
There Exists Limited Adaptation Potential for Reducing Warming
Impacts by Switching from Less-to More-Heat-Resilient Cultivars. We use the cultivar-specific heat resilience estimates to simulate a switch from the least-to most-resilient cultivar, quantified by the change in the yield impact for the alternative warming scenarios. Fig. 2 shows that there exists a range of heat resilience across cultivars, which suggests that producers might be able to mitigate the negative effects of warming temperatures by switching cultivars. However, we find that there does not exist much scope for producer adaption to warming through alternative cultivar selection as the warming impacts across the most-, average-, and least-heat-resilient cultivars are very similar in magnitude (Fig. 3) . This is robust to separately grouping the 10 least-and most-resistant cultivars.
The Preflowering Growth Stage Is Susceptible to Extreme Heat Exposure, but Overall Warming Impacts Are Robust to the Allowance for Heterogeneous Intraseason Weather Effects. We next segment the growing season into three stages and allow the effects of the weather variables to vary across stages. We refer to this as the heterogeneous weather-effect model and separate the season as follows: (S1) sowing to 35 d after sowing, (S2) 35 d after sowing to flowering, and (S3) postflowering. The first stage captures plant growth and leaf determination before the beginning of the plant reproductive and ripening cycle, which spans the second and third stages, respectively (14) . We find that precipitation and temperature are statistically significant drivers in all three stages, and there is no evidence that the weather effects are equivalent across stages (SI Appendix, Table S7 ). However, allowing the weather effects to vary by stage does not change the overall warming impacts reported above (Fig. 4) . Although the combined effects are the same, this more general model does allow us to measure the relative contribution of each stage to the overall effect. We find that the contribution of the first 35 d to cumulative warming impacts is small relative to the later growth stages. More interestingly, we find that the contribution of the warming impacts across stages 2 and 3 are equivalent. This pattern of results is robust to normalizing the warming effects on a "per-day" basis defined by the effect in that stage divided by the number of days in that stage, and a similar normalization based on a "per-heat-day" measure where we instead divide by the number of days in which temperatures above 33°C occurred (Fig. 4) .
Discussion
Overall, the findings here suggest limited potential for climate change adaption using currently available sorghum cultivars but do not preclude the overall role of genetic improvement and enhanced decision making in adapting to climate change. The reported findings will help sorghum breeders to formulate or strategically revise their programs, physiologists and molecular biologists to explore additional mechanistic responses or traits to better understand the drivers of heat stress, crop modelers to refine their predictions for future climatic conditions, and economists to identify the most profitable and sustainable adaptation paths for producers.
Although sorghum is known to be highly heat-tolerant, it is prone to yield losses during the flowering and/or postflowering phases (12, 13, 27 ). Sorghum's response to heat stress has been primarily quantified by imposing stress at predetermined stages using highly controlled environment facilities or field-based tents (8) (9) (10) (11) (12) (13) 27 ) involving few cultivars. These findings under controlled conditions limit our ability to develop robust conclusions regarding sorghum's heat-stress sensitivity (28) . Here we use a diverse set of 408 cultivars grown under natural dryland field conditions over the last 30 y and identify a temperature threshold of 33°C, beyond which significant yield reductions are observed. The magnitude of heat stress for temperature exposures above 33°C Fig. 3 . Predicted warming impacts on sorghum yields for the most and least heat resilient cultivars. This figure replicates Fig. 1 for various cultivars. Separate heat-resilience parameters are estimated for each cultivar and then used to predict warming impacts. (Top) Comparison of the most-and leastresilient cultivars to the average reported in Fig. 1 . (Bottom) An average of the parameters within subgroups containing 10 cultivars each. Bars show 95% confidence intervals using spatially robust SEs clustered by year. Fig. 4 . Predicted warming impacts on sorghum yields under alternative uniform temperature changes for a model that allows for heterogeneous weather effects. We extend the homogeneous weather-effect model from Fig.  1 to allow the effect of the weather variables to vary across three stages of the growing season. We report the warming effect associated with each stage as well as the cumulative effect of combining them (Combined Heterogeneous). We also include the impacts from Fig. 1 as a reference (Combined Homogeneous). The first panel reports the total warming impacts, and the next two divide the impact by the number of days within the growing season and the number of days temperature exceeded 33°C within the season. Bars show 95% confidence intervals using spatially robust SEs clustered by year.
was found to be the same for both field-trial and farmer-managed fields, which represents an important validity check for our results and fills a major knowledge gap in sorghum research.
Our findings have important implications for producer adaptation to climate change and suggest an avenue for future genetic improvement. We find that a moderate warming scenario of 2°C resulted in a 17% yield reduction, and the average effect across warming scenarios from +1°C to +5°C resulted in a 10% yield reduction per degree Celsius. These impacts are similar to those found for sorghum in other production areas, as well as other major row crops (2-4, 20) , thereby suggesting that sorghum's ability to withstand extreme heat exposure will not likely be sustained under future warming conditions. While this does not limit sorghum's role as an alternative crop in current temperate production environments where it has not traditionally been grown, such as the US corn belt, it does suggest a more limited capability within the warmer climates where it is currently being produced. Our data include information on sowing, flowering, and harvest dates, which allows us to disentangle heat-stress impacts across alternative plant growth phases. While we find that exposure to temperatures above 33°C produces statistically significant yield reductions in the early-vegetative and pre-and postflowering phases, the effects in the latter two stages are much larger compared with the early-vegetative phase. The impacts in both the pre-and postflowering phases are found to be very similar, which indicates that increased heat resilience in either phase could provide much-needed genetic improvements. This is particularly interesting because both public and private sorghum breeding programs have tended not to focus on heat resilience during the early reproductive period that includes panicle initiation (29) and reproductive organ development (gametogenesis) (17) . The quantification of these heat-stress impacts across the various growing phases provides breeders a foothold for identifying genetic traits associated with heat resilience, which is important given the overall susceptibility of sorghum production to climate change documented here.
Another important consideration for future modifications of sorghum cultivars is the genetic potential among currently available cultivars. If the current stock of cultivars does not possess sufficient heat resilience to reduce the impacts of warming temperatures, as our results suggest, then increased efforts to strategically introduce greater genetic diversity into the breeding population would seem warranted. We find that while average yields for newly released cultivars have been increasing since the mid-1980s, thereby suggesting that breeding efforts have been yield-enhancing for commercial producers in general, there exists no detectable increase in heat resilience over this same time period-the implication being that warming temperatures could potentially offset the previous gains made by breeders. Two competing scenarios could explain this result: (i) genetic traits associated with improved heat resilience have not been fully captured through breeding efforts or (ii) programs are not fully using the wide range of genetic diversity available outside of the current breeding stock. Our results suggest that there is limited potential among currently grown cultivars, and thus more effort should be placed on expanding the scope of genetic stock within US breeding programs. This seems plausible given sorghum's reputation as a versatile crop with a large amount of genetic diversity (30) .
Historically, crop productivity has often been increased and sustained across challenging growing conditions by incorporating genetic diversity from landraces or wild accessions (31, 32) . The wide range in temperatures observed in this study is representative of the growing conditions for other sorghum production regions both in the United States and globally. Therefore, we suggest that there is a need for systematic and sustained introduction of wider genetic sources into ongoing breeding programs. An alternative route to minimize future heat-stressinduced yield losses could entail the introduction of greater chilling tolerance during germination and early seedling establishment, thereby facilitating earlier planting at lower soil temperatures to escape the more extreme heat stress that is currently coinciding with sensitive growth phases. Our findings are relevant for moderate-to high-yielding nonirrigated production environments, and we do not account for potential fertilization effects of increased CO 2 concentrations associated with global warming (33) (34) (35) (36) (37) (38) . Future studies focusing on long-term climatic responses of crops under severe stress conditions would need to exercise appropriate measures to account for increasing atmospheric CO 2 and its interactions with other factors influencing yield response.
Methods
Data. Weather data were taken from Kansas Weather Library. Daily temperature observations correspond to each field trial location. Following ref. 39 , a sinusoidal distribution was fit between daily minimum and maximum temperatures to estimate exposure for each degree Celsius in 30-min increments. This approach is slightly different from that of ref. 20 as it makes use of sunrise and sunset times but generates the same measures of temperature exposure, model performance, and results (SI Appendix, Fig. S8 and Tables S8 and S9). We also collect daily precipitation, which along with the temperature exposures is summed across days up to a cumulative measure for the growing season. Sorghum harvest can sometimes be delayed for various reasons unrelated to yield, so we restrict the end of the growth season to be 30 d after observed flowering dates. This restriction wherein the physiological maturity is reached effectively increases growing season average temperatures as it removes colder days from the period of observation, and reduces cumulative precipitation as it restricts the number of days in the season (SI Appendix, Fig. S9 ). This purges uninformative noise from the data and improves model performance (SI Appendix, Table S8 ). A potential concern is that measuring weather based on flowering dates could generate biased estimates of the temperature effects if there is an omitted variable affecting both yield and flowering time. We find that this is not a concern here as the warming effects for our preferred model are very similar to an alternative model that normalizes the temperature variables by the number of days in the season (SI Appendix, Fig. S10 ). Sorghum yield data are from Kansas Grain Sorghum Performance Tests for the years 1985-2014, from 11 sites, each from a different county in Kansas. All yield data used are for dryland (nonirrigated, rainfed) sorghum. Some data from plots/locations/years that were exposed to severe biotic or abiotic (primarily drought) factors are missing as the trials were abandoned midseason.
Regression Models. The data vary temporally across growing seasons and cross-sectionally across field trial locations and cultivars. Time-invariant factors such as soil quality may vary across locations. While we do not directly observe these invariant factors in the data, we can control for them using location fixed effects. We also include seed cultivar fixed effects as the mean yields will vary across this dimension. These cultivar fixed effects directly control for genetic gains over time from breeding efforts. A quadratic time trend is included to capture changes in the experimental design of the field trials over time, which could result from changes in best management practices. The trend parameters suggest an increase in yields over time at a decreasing rate; however, the parameters are not statistically significant (P > 0.10).
We used multiple regression to estimate the following statistical model:
where y ijt is log yield for cultivar i at location j in trial year t, α i and α j capture fixed effects across cultivars and locations, α 1 t + α 2 t 2 captures the trend component, and f ðw ijt ; βÞ captures the (potentially nonlinear) effects of weather w ijt on yields. Note here that although weather is the same at location j in year t, variation in flowering dates across cultivars induces variation in weather at the location-year-cultivar level. It is likely that the error terms « ijt are heteroskedastic and spatially correlated, so we cluster SEs by year.
The preferred specification for the weather effects is given by f À w ijt ; β Á = β 1 DDlow ijt + β 2 DDmed ijt + β 3 DDhgh ijt + β 4 p ijt + β 5 p 2 ijt + β 6 p 3 ijt .
The first three variables provide a piecewise linear effect of temperature on yields; DDlow ijt measures DDs between zero and the lower threshold, DDmed ijt measures DDs between the lower and upper threshold, and DDhgh ijt measures DDs above the upper threshold. The final three variables provide a cubic effect of cumulative precipitation p ijt on yields, which improved model performance relative to the more typically used quadratic effect. We also estimate a heterogeneous weather-effects model where the effects of the weather variables are allowed to vary across the three segmented growth stages: sowing to 35 The predicted yield impacts when the average weather variables change from the 1985-2014 average w 0 to the new values w 1 are derived as the percentage change in yield relative to baseline climate, impact = 100½e ð w1 − w0 Þβ − 1. We simulate new values for each 1°C increase up to 5°C by increasing the observed daily maximum and minimum temperatures and then recalculating the appropriate weather variables. The regression estimates from SI Appendix, Table S4 are used as values for β.
To investigate heterogeneous effects of high temperatures across cultivars we modify the preferred specification using the the multilevel model
where f ðw ijt ; βÞ is the same as above. The varying intercepts for cultivars and locations are captured by u 0i and u 2j , and the effect of DDs above 33°C ðDDhgh ijt Þ is allowed to vary across each cultivar i through u 1i .
We also consider models that replace the piecewise linear temperature specification with measures of average, minimum, and maximum temperatures. Specifically, the average temperature model is defined as where minT and maxT are the average of the observed daily minimum and maximum temperatures, respectively. We find that both alternatives reduce prediction accuracy relative to the preferred model (SI Appendix, Table S8 ). Both models produce warming impacts similar to those of the preferred model (SI Appendix, Fig. S11 ).
